Near-infrared Linear Polarization of Ultracool Dwarfs 
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ABSTRACT 

We report on near-infrared J- and iJ-band linear polarimetric photometry of eight ultracool 
dwarfs (two late-M, five L0-L7.5, and one T2.5) with known evidence for photometric variability 
due to dust clouds, anomalous red infrared colors, or low-gravity atmospheres. The polarimetric 
data were acquired with the LIRIS instrument on the William Herschel Telescope. We also provide 
mid-infrared photometry in the interval 3.4-24 /im for some targets obtained with Spitzer and 
WISE, which has allowed us to confirm the peculiar red colors of five sources in the sample. We 
can impose modest upper limits of 0.9% and 1.8% on the linear polarization degree for seven 
targets with a confidence of 99 %. Only one source, 2MASS J02411151-0326587 (LO), appears to 
be strongly polarized (P ~ 3 %) in the J-band with a significance level of P/ap ~ 10. The likely 
origin of its linearly polarized light and rather red infrared colors may reside in a surrounding disk 
with an asymmetric distribution of grains. Given its proximity (66 ±8 pc), this object becomes 
an excellent target for the direct detection of the disk. 

Subject headings: stars: individual (G196-3B, 2MASS J22443167+2043433, 

2MASS J01365662+0933473, 2MASS J02411151-0326587, 2MASS J03552337+ 1133437, 

2MASSJ10224821+5825453, UScoCTIO 128, UScoCTIO 132) -- stars: late-type — stars: low-mass, 
brown dwarfs 



1. Introduction 

There is growing evidence that dwarfs of spec- 
tral types L and T show a large spread of near- 
and mid-infrared colors that cannot be exp lained 
by simple models (e.g., Marley et al. (|2010l )). It is 
believed that gravity, metallicity, and distribution 
of dust clouds play a critical role in defining the 
atmospheric properties of L- and T-type sources 
(see Kirkpatrick ( 20051 ) for a review). Various 
groups have monitored photometrically a num- 
ber of L and T objects aimed at characterizing 
cloud patchiness i n bro wn dwarfs (e.g. , Gel ino et 
al. (|2002h ; Koen (12004) ; Koen et al. (|2004l ); Ar- 
tigau et al. ([20061 )). Polarimetric observations at 
optical wavelengths have also been attempted to 
confirm the presence of dusty cloud s in the objects' 
atmospher es (Me nard et al. (J2002I ) : Zap atero Os- 
ori o et al . (J2006I ): Goldman et al. (J2009I ): Tata et 
al. (2009)). The main results are that photometric 
variability (if detected) has a relatively small am- 
plitude (typically below 0.1 mag in the /-band and 
infrared wavelengths), variability can be periodic 
(with modulations in agreement and disagreement 
with the expected rotation periods), non-periodic 
variability also appears quite commonly, and a few 
percentage of the L dwarfs show linear polarization 
degrees typically below 1% in the optical bands. 
All these observations support the presence of con- 
densates in the form of dust clouds and the fast 
rotation of the dwarfs. 

Among the known L dwarfs, there are some 
showing markedly redder near- and mid-infrared 
colors than expected for their spectral type . The 
origin of th is prop erty is not well under stood. Bur- 
rows e t al. (120061) . Leggett et al . (120071) . Burgasser 
et al. (J2008|), and Cruz et al. |2009j) argued that 
low gravity causes red colors, but not all red L 
dwarfs necessarily have low surface gravities. An 
excess of metallicity and/or unusual condensate 
properties can also be the cause of a red dish na- 
ture. In Zapatero Osorio et al. ( 20101 ) we ex- 
plored various scenarios for one particular very red 
L dwarf: G 196— 3B. We concluded that a low- 
gravity atmosphere with enshrouded upper atmo- 
spheric layers and/or a warm dusty disk/envelope 
provides the most likely explanations, the two of 
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them consistent with an age below 300 Myr. 

Imaging polarimetry provides a powerful tool 
for studying the properties of the atmospheric dust 
clouds and surrounding disks/envel opes. While 
the models by Sengupta & Marley (J2009I; l2010h 
(and references therein) predict non-zero disk- 
integrated polarization with degrees quite below 
1% for the L and T dwarfs, polarimetric obser- 
vations of young stars with disks yield higher 
line ar po larization intensit ies (e .g., Kusakabe et 
al. (|2008t) ; Pereyra et al. (|2009h . and references 
therein). Here, we report on the first results of 
our polarimetric observations of ultracool dwarfs 
(spectral types later than M7) with peculiar colors 
and photometric variability or low gravity atmo- 
spheres. 

2. Target selection 

Our main targets are northern examples of ul- 
tracool dwarfs with spectral types late-M through 
T and hallmarks of infrared flux excesses or low- 
gravity atmospheres, and ultracool dwarfs with 
photometric variability reported in the literature. 
Additionally, all these objects must be bright in 
the J-band (J < 16.5 mag) to obtain accurate 
polarimetric observations. Most targets were se- 
lected from t he ca talog of low-gravity L dwarfs by 
Cruz et al. (2009), and from the numerous lists 
of young late-M and L-type brown dwarf member 
candidates of well known star- forming regions such 
as Taurus and Upper Scorpius. Below we provide 
a brief summary on the properties of the eight sci- 
ence targets listed in Table [TJ which represents a 
subsample of our longer target list. 

2MASS J01365662+0933473 (J0136+09) is the 
second bri ghtest T dwarf discovered so far (Arti- 
gau et al. (|2006l )). It is classified as a T2.5 dwarf 
located at a photometric distance of ^6.4 pc. Ar- 
tigau et al. (J2009I ) reported the near-infrared pho- 
tometric variability of this object. The result- 
ing light curve showed a periodic modulation with 
a period of ~2.4 h, a peak-to-peak amplitude of 
50 mmag, and significant variations from night to 
night. The authors discussed that the measured 
periodicity is related to the dwarf rapid rotation 
and that the light curve variations are attributable 
to evolution of atmospheric struc tures and /or dif- 
ferential rotation. Artigau et al. (|2009j ) suggested 
that the atmosphere of J0136+09 contains grain- 



bearing cloudy regions. The age of this T dwarf is 
unconstrained. 

2MASSJ22443167+2043433 (J2244+20) is an 
L6.5 (optical classification, Kirkpatrick et al. 
(J2008I ) ) or a n L7.5 (near-infrared typing, Knapp 
et al. (|2004l) ) field dwarf displaying weak Ki lines 
i n the near-infrared wavelengths (McLean et al. 
(J2003I )). This effect is thought to be associated 
to surface gravity and/or metallicity. On the 
contrary, its optical spectrum does not show sig- 
nificant differences compared to other L dwarfs 
whose spectral types li e with in the broad range 
L5.5-L9. Knapp et al. (120041). Golimowski et al. 



(|2004h and Leggett et al. (|2007l ) reported that the 
J-H, H -K s , K s - L', and V - M' colors of 
J2244+20 are significantly red, which the authors 
attributed to condensate clouds more optically 
thick than usual. A low-amplitude, periodic pho- 
tometric variability was obser ved at 4.5 /zm by 
Morales- Calderon et al. (|2006l ). suggesting that 
the object's rotatio n perio d is about 4.6 h. In Za- 
patero Osorio et al. ( 2005T ) we detected some linear 
polarization in the /-band for this source, which 
was not confirmed by the recent , mor e accurate 
measurements of Goldman et al. ( 2009T ). 

2MASSJ02411151-0326587(J0241-03),2MA- 
SSJ03552337+1133437 (J0355+11) and 2MASS 
J10224821+5825453 (J1022+58) are low-gravity 
dwarfs with spectral type s LO7 , L57 and Ll/3 
according to Cruz et al. IJ2009T) . Their optical 
spectra display features typical of objects younger 
than 300 Myr such as notably strong VO and weak 
FeH molecular absorption and weak Nai and Ki 
doublets. J0241— 03 has no lithium feature in 
its spectrum (pseudo-equivalent width pEW < 
2 A) indicating either a very low gravity and ex- 
tremely young age at which the line cannot be 
seen (Kirkpatrick et al. ( 20081 )) or an efficient de- 
pletion of this eleme nt by nuclear reactions (see 
Rebolo et al. (1992)), an age of the order of a 
few hundred Myr, and a mass likely larger than 
0.06 M (Chabrier et al. (feOOOi) ). As illustrated in 
Fig. 6 of Cruz et al. (|2009l) . this object displays a 
J — K s color markedly redder than expected for 
its spectral classification; its Spitzer mid-in frared 
indices (3-8 fira) provided by Luhman et al. (|2009n 
also appear redder than those of other L0 dwarfs 
in the field (see Fig. [TJ . The origin of such pho- 
tometric property remai ns un explained, although 
Zapatero Osorio et al. (J2010h speculated on dif- 



ferent scenarios (see below). The L5-type dwarf 
J0355+11 shares a similar red condition in its 
J - K s color as J0241-03. J0355+11 has pre- 
served lithium in its atmosphere suggesting a mass 
likely around or below 0.06 M (Chabrier et al. 
( 20001 )) , and confirming its substellarity. Blake 
et al. (|2010l ) found that J0355+11 has a small 
projected rotational velocity {vsvai ~ 12kms _1 ), 
which contrasts with the typically high rotation 
(> 20kms~ 1 ) of many o ther field L dwarfs (Zapa- 
tero Osorio et al. (l2006h : Reiners & Basri (|2008l )V 
Bernat et al. ( 20101 ) announced the detection of a 
candidate companion at a separation of 82.5 mas 
from this source. The LI dwarf J1022+58 has no 
lithium (pEW < lA, Cruz et al. (J2009I) '). a low 
to moderate projected rotational velocity (vsini 
= 11.8-15 kms -1 ), and significant, variable Ha 
emissi on (Schmidt et al. (J2007I ): Reiners & Basri 
(J2008l ): Blake et al. (J2010l )). In contrast to other L 
dwarfs in our sample, J1022+58 does not s how a 
red J — K s color. Interestingly, Blake et al. ( 20101) 
discussed that due to its large spatial velocity, 
J1022+58 may be part of a distinct, old (and pos- 
sibly low metallicity) thick disk population. 

G196— 3B is a lithium-bearing, substellar 
proper motion companion at 16" fro m the y oung 
M2.5 star G 196-3 A (Rebolo et al. (|l998f )). It 
was classified as a low-gravity L3/3 dwarf (Cruz et 
al. (2009)), and its photometric and spectroscopic 
properties from the visible to the mid-infrared 
wavelengths ar e wide ly reported in the lit erature 
(Martin et al. (Il999l ) ; Bas ri et al. (|2000l ); Kirk - 
patrick et al. (I2OOII: [2 008): Gizis et al. (Ep02); 



Mohanty & Basri (2003)); McGover n et al . (J2004I ): 
McLea n et a l. (|2007l ): Allers et al. (J2007l ): Bihain 
et al. (|2010h ). G 196-3 B exhibits markedly red 
colors at all wavelength s from 1.6 to 24 /im. In 
Zapatero Osorio et al. ( 20101 ) we discussed vari- 
ous physical scenarios to account for the reddish 
nature of G 196— 3B, and concluded that a low- 
gravity atmosphere with enshrouded upper atmo- 
spheric layers and/or a warm dusty disk/envelope 
provides the most likely explanations. From kine- 
matic considerations, the system G 196—3 is a 
likely member of the Local Association and its 
age is constrained to the interval 20-100 Myr. 
At this young age, G 196— 3B would have a mass 
of 0.012-0.025 Mq, near the pl anet-brown dwarf 
boundary. Gizis et al. (2002) reported a rela- 
tively low projected rotational velocity (i>sini ~ 



15kms 1 ) for this substellar source. 

UScoCTIO 128 (USco 128) and UScoCTIO 132 
(USco 132) are two M7-type member candidates 
of the 10-Myr Upper Scorpius st ar-fo rming associ- 
ation identified by Ardila et al. (|2000h . USco 128 
has lithium detection confirming its young age 
and substellar nature, an upper limit on its 
projected rotation velocity (vsini < 5kms _1 ), 
strong (and possibly variable) Ha emission and 
emission of Hei and Call su ggesti ng accretion 
events ( Jay awardhana et al. (2002); Muzerolle 
et a l. (l2003h : Mohanty et al. (|2005h : Herczeg et 
al. (2009)). An infrared flux excess compatible 
with an accretion disk was detected in USco 128 
by Ja yawardhana et al. (|2003j ) and Scholz et al. 
( 20071 ). Usin g radi al velocity measurements Kuro- 
sawa et al. ( 20061 ) identified this M7 dwarf as a 
binary candidate, which constrasts with the direct 
high-resolution imaging observations of Kraus et 
al. ( 20051 ). Despite of the L-ban d flux excess ob- 
served by Jayawardhana et al. (J20031 ). USco 132 
lacks lithium and has a dwarflikc Ki absorption 
in its optical spectrum, indicating that it is most 
likely not membe r of the young association (Muze- 
rolle et al. (|2003h V 



3. Observations and results 

3.1. Mid-infrared Spitzcr photometry 

Targets J0241-03, G196-3B, J2244+20 and 
USco 128 have published mid-infrared photome- 
try obtained with the various instruments onboard 
Spitzer. We compiled these data and the corre- 
sponding references in Table O To complement 
the infrared photometry of the sample between 2.2 
(if-band) and 24 /jm, we downloaded public im- 
ages at 3.55, 4.493, 5.731, and 7.872 fim acquired 
wit h the Infrared Array Camera (IRAC; Fazio et 
al. (2004)), and images at 23.675 /zm taken with 
the Multiband Imag ing P hotometer for Spitzer 
(MIPS; Rieke et al. (J2004[) ) when available from 
the Spitzer Heritage Archive. The corresponding 
Astronomical Observation Request (AOR) iden- 
tification numbers and observing dates are all 
listed in Table [2] The new data were acquired 
for J0136+09 (IRAC+MIPS), J0241-03 (MIPS), 
J1022+58 (IRAC), and J0355+11 (IRAC). Raw 
data were reduced with the Spitzer Science Cen- 
ter S18.7.0 (IRAC) and S16.1.0 (MIPS) pipelines, 
which produced processed images with plate scales 



of 0"6 pix" 1 (IRAC) and 2'.'45 pix" 1 (MIPS). Pro- 
cessed data are given in units of MJysr -1 , and 
for the photometric analysis we transformed them 
to /iJy after multiplication by factors of 8.4616 
(IRAC) and 141.08 (MIPS). 

We measured aperture photometry for each ob- 
ject using the task PHOT within the IRAjQ envi- 
ronment. For IRAC, we used an aperture radius 
of 4 and 10 pix and inner and outer radii of 24 
and 40 pix for the sky annulus. For MIPS, we 
adopted radii of 1.22, 7, and 12 pix for the aper- 
ture and the inner and outer boundaries of the sky 
annulus, respectively. We applied the appropriate 
aperture corrections for each band to obtain the 
final fluxes that were converted into magnitudes 
using the following zero-point fluxes (taken from 
the IRAC and MIPS Data Handbooks): 280.9 Jy 
([3.6]), 179.7 Jy ([4.5]), 115.0 Jy ([5.8]), 64.13 Jy 
([8.9]), and 7.14 Jy ([24]). Our photometry is pre- 
sented in Table [H error bars take into account 
small variations in the sky contribution, and do 
not include the uncertainties in the calibrations of 
IRAC and MIPS. 

The L0 dwarf J0241-03 is undetected in the 
MIPS 24 jUm image; in Table [5] we provide an 
upper limit on its brightness based on the mag- 
nitude of a virtual object with a flux peak of 
four times the sky background root-mean-squarc 
(rms) around the expected position of the tar- 
get. J0136+09, J0355+11, and J1022+58 were 
observed in the IRAC [4.5]-band on two differ- 
ent occasions separated by about 1.5, 1, and 5 yr, 
respectively. The two measurements are consis- 
tent within the quoted uncertainty, suggesting 
that variability at this wavelength is likely below 
0.06 mag at a 3-er confidence level (a is the pho- 
tometric error bar). 

3.2. Mid-infrared WISE photometry 

Four of our targets, J0241-03, J0355+11, and 
the two USco objects, also have mid-infrared pho- 
tometry obtained with the Wide-fi eld In frared 
Survey Explorer {WISE, Wright et al. ll201(]| )h Ta- 
ble [3] provides the WISE photometry for the fol- 
lowing wavelengths: 3.3526, 4.6028, 11.5608, and 
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22.0883 /im. These data are extracted from the 
WISE preliminary data release, which includes the 
first 105 days of WISE survey observations be- 
tween 2010 Jan 14 and 2010 Apr 29. We caution 
that the WISE photometry is processed with ini- 
tial calibrations and reduction algorithms. 

J0241— 03 is not detected at the two longest 
wavelengths, and UScol28 and J0355+11 have 
poor [22]-band photometry. The emission of 
USco 128 is remarkable at 11.56 /im, thus con- 
firming the mid-infrare d flux excess reported by 
Jayaw ardhana et al. (|2003f ) and Scholz et al. 
(|2007h . Using the WISE data we do not observe 
significant flux excesses up to 4.6 /im in USco 132, 
which contr asts with the results by Jayawardhana 
et al. (J2003I ). 

The Spitzer [4.5] and WISE [4.6] magnitudes 
are quite similar for the L dwarfs J0241— 03 and 
J0355+11, while the Spitzer [3.6] magnitude ap- 
pears to be 0.25-0.4 mag brighter than the WISE 
[3.4]-band data. This is likely because the WISE 
[3.4] filter is broader than the Spitzer one, it ex- 
tends towards the blue wavelengths covering re- 
gions of the L dwarf spectra deeply absorbed by 
water vapor not explored by the Spitzer filter. On 
the contrary, the widths of the WISE [4.6] and 
Spitzer [4.5] bands are more alike, and although 
the WISE filter is slightly shifted to redder wave- 
lengths, there is no strong molecular absorption 
at these frequencies i n the spectra of M and L 
dwarfs. Wright et al. ( 20111) also noted that the 
color term between Spitzer [4.5] and WISE [4.6] 
is rather small ([4.5] — [4.6] = 0.054 mag) and 
seems to have no trend with spectral type for the 
T d warfs . Nevertheless, as stated in Patten et 
al. (2006) we caution that color terms may be 
present when transforming fluxes measured in ap- 
proximately similar filters from two different sys- 
tems, particularly if the sources have large flux 
variations across the filter bandpasses. 

3.3. Spectral energy distributions 

In Fig. Q] we illustrate the J - [4.5] and [3.6] - 
[8.0] colors of our targets in comparison with the 
spectral sequence delineated by field dw arfs o f 
"normal" colors ta ken fro m Patten et al. ( 20061 ) 
and Leggett et al. (J2007I) . For the USco objects 
we use the WISE [4.6] data by assuming that these 
magnitudes would be similar to the Spitzer [4.5] 
photometry as it is the case for the L dwarfs. The 



reddish behavior of many of our targets becomes 
apparent in Fig. [T] We quantify flux excesses in 
the [4.5] band in Section 14*70 

All available broad-band photometry and low- 
resolution spectroscopy were combined to create 
visible and infrared spectral energy distributions 
(SEDs) for two objects in our sample: one with 
red infrared colors (J0241— 03, L0) and another 
one with no obvious color deviations (J1022+58, 
LI). Observed magnitudes were converted to 
monochromatic fluxes at the central wavelength 
of each filter using the zero point fluxes provided 
in the literature for 2MASS and those mentioned 
in previous sections for the Spitzer instruments. 
The zero point fluxes of the WISE data were 
taken from Wright et al. ( 20101) . The computed 
SEDs from 0.65 to 24 /im are provided in Fig. [2] 
For comparison with J0241— 03 and J1022+58, we 
overplottcd the average photometric SEDs of field 
dwarfs of similar spectral classification (L0-L1 and 
L1-L2) and no infrared flux excesses. We com- 
piled the require d phot ometry R through [24] from 
Liebert & Gizis (J2006I) (optical data), t he 2M ASS 
catalog (near-infrared), Patten et al. (2006) (3- 
8 /im), and Zapatero Osorio et al. (|2010[) ([24]). 
From Fig. [2J the SED of J1022+58 clearly indi- 
cates its photospheric origin since there is no ob- 
vious mid-infrared flux excess up to 8 /im. In con- 
trast, the SED of J0241— 03 appears overluminous 
longwards of the iJ-band when compared to the 
average SED of L0-L1 dwarfs. G 196-3 B (L3) has 
a similar property as it i s shown in Fig. 3 of Zapa- 
tero Osorio et al. ( 20101 ). The polarimetric obser- 
vations may shed new light on the understanding 
of the origin of this feature. 

3.4. Linear polarimetric observations 

Linear polarimetric images were acquired for 
our sample targets with the Long-slit Intermediate 
Resolution In frared Spectrograph (LIRIS, Man- 
chado et al. ( 20041 )') mounted at the Cassegrain 
focus of the William Herschel Telescope (WHT) 
during the nights 2004 Oct 27, 2006 Mar 22, 2010 
Oct 25, and 2011 Apr 20. The 2004 campaign was 
carried out as part of the LIRIS instrument com- 
missioning on the WHT. LIRIS is equipped with 
a 1024 x 1024 pix 2 Hawaii detector covering the 
wavelength range 0.8-2.5 /mi. The pixel projec- 
tion onto the sky is 0'.'25 yielding a field of view 
of 4.'27 x 4'27. Polarimetric observations can be 



performed by using a Wedged double Wollaston 
device (Oliva (J1997I )). consisting in a combination 
of two Wollaston prisms that deliver four simulta- 
neous images of the polarized flux at angles and 
90, 45 and 135 deg. An aperture mask 4' x 1' in 
size is used to prevent overlapping effects between 
the different polarization vector images. 

Our data were acquired using the J- and H- 
band filters and (in some occasions) two different 
angles of the rotator of the telescope. The lat- 
ter is convenient to derive more ac curate polari- 
metric measurements (Alves et al. ( 201lh ). since 
flat-field effects and optical path differences are 
reduced. The central wavelengths and passbands 
of the filters are 1.25 and 0.16 /im (J), and 1.64 
and 0.29 /im (H). All program objects (except 
J2244+20) were observed in the J-band; one tar- 
get (USco 128) was observed in the two JTJ-bands, 
and J2244+20 was imaged only in the iJ-band. 
The Earth atmospheric conditions during the ob- 
servations were photometric (good transparency) 
with mean seeing values of 0'.'7-0'.'8 in 2004 and 
2006, 3"0 in 2010, and 2'.'0 in 2011. The log of 
the observations is shown in Table [TJ where we 
provide the list of targets (science and calibration 
sources), their J-band magnitudes and spectral 
types, Universal Time observing dates, exposure 
times (integration times were scaled according to 
the seeing and target brightness), angles of the 
telescope rotator, and the airmass range during 
data acquisition. The observing strategy consisted 
of acquiring frames following a 3-point (2004), a 
5-point (2006), and a 9-point (2010, 2011) dither 
pattern for a proper subtraction of the sky back- 
ground contribution. The dither pattern cycle was 
repeated a few times for each target to increase the 
signal-to-noise ratio of the final measurements. 

For the calibration of the polarimetric measure- 
ments, observations of zero polarized standard 
stars (HD 18803, FeigellO, GD31 9, SA 29-130, 
and HD 14069, Schm idt et al. (|l992h ; Clay- 
ton & Martin ([l98l|)) and polarized standards 
(HD 38563c, HR W24 Elia2-25, and HD 283855, 
Whittet et al. ( 19921 )) were carried out during 
the four observing campaigns. The white dwarfs 
FeigellO and SA29— 130 are not included in the 
aforementioned references. We chose them as zero- 
polarized sources because non-magnetic white 
dwarfs in principle lack any intrinsic linear po- 
larization. Both program and calibration objects 



were acquired at the same spot within the detec- 
tor, which is very close to the optical axis of the 
telescope/instrument system. 

We sliced individual frames into four smaller 
frames corresponding to each of the polarimetry 
vectors prior to raw data reduction. Each po- 
larimetry vector was then processed separately. 
Frames were dark-current subtracted and divided 
by a image taken with the polarimetric optics in 
the 2004, 2010, and 2011 campaigns. The 2006 
data were not corrected for flat-field because there 
was an insufficient number of calibration images 
acquired with the polarimetric optics. Earth at- 
mosphere background contribution was removed 
from all individual images, which were finally reg- 
istered and stacked together to produce deep data. 

3.5. Polarimetric analysis 

To derive the normalized Stokes parameters q 
and u along with the polarization degree P and 
the angle of the polarization vibration O, we em- 
ployed the "direct measurement" method (Eqs. 1 
and 2) for the data collected with the telescope ro- 
tator angle of deg, and the "flux ratio" calcula- 
tion method (Eqs. 3 and 4) for the data taken with 
telescope rotator angles of and 90 deg. These 
methods are associated to the following mathe- 
matical equations: 
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P = y/(q- 9ins) 2 + {u- Wins) 2 (5) 

9 = 0.5 atan(«/g) - 6 (6) 

where i V cctor,rot stands for the flux per time unit 
corresponding to a given polarization vector (0, 
45, 90, and 135 deg) and observed at a particu- 
lar position of the telescope rotator (0 and 90 deg, 
see Table [J); the factors to/tgo an d ^45/^135 rep- 
resent the relative transmission efficiency of each 
Wollaston; g; ns and Ui ns stand for polarization in- 
duced by the telescope+instrument configuration 



and Oo is the zero-point offset in the angle of the 
polarization vibration, both of which likely depend 
on wavelength. The O angle is usually given in 
the interval 0-180 deg. The quantities R q and R u 
correct for possible flat flaws and optical path dif- 
ferences. 

We obtained the fluxes for each vector by de- 
termining circular aperture photometry using the 
tasks IMEXAMINE and PHOT within IRAF. In 
Tables [5] and |5] we list the radius of aperture an- 
nulus employed for each target and filter, and the 
full-width half-maximum (FWHM) measured on 
the reduced data. Photometric apertures ranged 
from 1.5 to 6 times the FWHM, the median aper- 
ture size was around 5.5 times larger than the 
FWHM. Both IRAF tasks performed a second 
sky background subtraction by computing the sky 
level in a ring outside the photometric aperture 
annulus; we found it necessary in order to remove 
some residuals from the previous data reduction 
process. G 196-3 B is well resolved spatially from 
its primary star in the 2006 data, therefore we do 
not expect contamination in our linear polariza- 
tion measurement. 

The relative transmission factors of the Wol- 
laston prisms were determined by assuming that 
non-polarized standard stars have null Stokes pa- 
rameters q and u. In this process associated to the 
direct measurement method, we would be correct- 
ing for any small instrumental polarization, and 
<7i, ls and Ui ns would become zero in Eq. [3] The 
derived values of the transmission factors for each 
filter and observing night, and the employed stan- 
dard stars are provided in Table |H The various 
measurements for the 0-90 deg Wollaston are con- 
sistent within the quoted uncertainties; a larger 
difference is observed for the 45-135 deg Wollas- 
ton. In the flux ratio method, the contribution 
of the transmission factors is cancelled out; how- 
ever, some instrumental polarization may remain. 
This was checked with the non-polarized standard 
stars and the observations acquired with telescope 
rotator angles of and 90 deg. We measured a 
small instrumental polarization of qi ns = +0.163 ± 
0.050% and u ins = -0.168±0.050% for the J-band 
in 2010 Oct 25, and no significant instrumental 
polarization in the ii-band. The observations of 
polarized standard stars allowed us to check for 
the efficiency of the instrument. We found that 
our measurements of P (after correction from in- 



strumental polarization) and O are fully consistent 
with the literature values within 1-a the associ- 
ated error bars. There is a zero-point correction 
to be applied to the position angle of the polariza- 
tion vibration, which is Oo = +4.46 ± 1.5 deg for 
the J-band. The instrumental contribution was 
removed from our data and the angle offset was 
taken into account following Eqs. [5] and [6] to pro- 
duce the final polarimctric measurements given in 
Tables \E\ (standard stars) and [5] (science targets) . 
In column 1 1 of Table [5] we provide published po- 
larimetric data for the standard stars permitting 
a proper comparison with our determinations. 

For all objects we provide P obtained with the 
direct measurement method in column 8 of Ta- 
bles [5] and [6] When applicable, columns 6, 7, 9, 
and 10 of both Tables list the measurements de- 
rived from the flux ratio method (telescope rotator 
angles of and 90 deg). The uncertainty in the 
polarization degree is obtained as the quadratic 
combination of the instrumental polarization er- 
ror (0.05-0.10%) and the dispersion of the source 
polarization degree derived by using different pho- 
tometric aperture radii. Uncertainties in polariza- 
tion angle are not well defined for the unpolarized 
sources, and thus are not listed in Tables [5] and [5] 
The linear polarimetry degrees are quoted as mea- 
sured, i.e., without any correction for instrumen- 
tal efficiency loss or correction for the statistical 
bias which affects polarimetry at small values of 
polarimetric signal-to- noise ratio (e.g., Simmons 
& Stewart |l985()). We note that the error bars 
of the polarimetric data derived from two tele- 
scope rotator angles are a factor of two smaller 
than those of data collected at deg; this result 
i s in a greement with the findings by Alves et al. 
( 20111 ). Along with their spectral types, polariza- 
tion degrees, position angles of the plane of vibra- 
tion, and their associated uncertainties, columns 
11 and 12 of Table [6] list the science targets spec- 
troscopic rotational velocities and rotational peri- 
ods when known in the literature (see Section [5]) . 

4. Discussion 

To select the likely polarized sources amongst 
our targets, we applied the following criterion 
wide ly u sed in the literature (e.g. , Me nard et 



al. (|2002h ; Zapat ero Osorio et al. (J2005D ; Gold- 
man et al. (|2009n ): the derived degree of polar- 



ization must exceed three times the associated 
uncertainty (P/crp > 3). On the assumption 
of a Gaussian distribution of the measurements 
within their error bars, such a criterion sets the 
confidence of positive detections at the level of 
99%. In the sample of eight targets, only one 
shows a clear detection: J0241— 03 (P/crp ~ 10). 
Since the polarization degree P is a positive quan- 
tity, it would be overestimated by the error in 
P for unpolarized sources. The debiased polar- 
ization degree of the non-polarized targets in Ta- 
ble [6] would become close to % by applying the 
equat ion P' = \JP 2 — cr'p (Wardle & Kronberg 
(J1974J )). Therefore, from our data we can im- 
pose the following 3-crp upper limits on the near- 
infrared linear polarization degree: <0.9% for 
J2244+20 (H), J1022+58 (J), and J0136+09 (J), 
and <1.8% for J0355+11, G 196-3 B, UScol28, 
and UScol32 (J). The latter upper limit is not 
very restrictive, implying that more accurate data 
are required to study the presence of any signifi- 
cant linear polarization in these dwarfs. Next, we 
shall focus the discussion on the four targets with 
the best polarimetric constraints. 

4.1. Infrared color excess and polarization 

Figure [3] displays our measured linear polariza- 
tion degree against J — [4.5] color excess for our 
sample. The color excess E(J — [4.5]), given in the 
last column of Table |6l is computed as the differ- 
ence between the target's measured color and the 
average color of field dwarfs of the same spectral 
classification. We derived the mean J — [4.5] in- 
dex fo r the fi eld using the data p ublish ed in Patten 
et al. (J2006I ) and Leggett et al. (|2007t ) and fitting 
third- and second-order polynomials to the spec- 
tral ranges M5-L9 and T0-T4, respectively. The 
fits have rms of 0.218 (M5-L9) and 0.237 mag 
(T0-T4). Five targets (J2244+20, G196-3B, 
USCol28, J0241-03, and J0355+11) show signif- 
icant color excesses at the level of 3-7 times the 
rms of the polynomial fits. All except J2244+20 
are thought to have low gravity atmospheres and 
an age younger than 300 Myr. Out of the four 
young sources, only one (J0241— 03) is linearly po- 
larized in the J-band at a level of >1.8% (3-op 
confidence), i.e., 25±25%. 

Among the three objects, J0136+09, J1022+58 
and USCo 132, with no obvious J — [4.5] color ex- 



cess, none seems to be convincingly confirmed 
young sources with an age below 300 Myr. 
J0136+09 is a field T dwarf with quite "stan- 
dard" colors, USCo 132 is not spectroscopically 
confirmed as a memb er of t he Upper Scorpius re- 
gion (Muzerolle et al. (|2003l) ). and the high Galac- 
tic velocity of J1022+58 appears to indicate that 
it is a probab le mem ber of the Galactic thick disk 
(Blake et al. (|2010h ). although such a high veloc- 
ity might also result from an ejection process. All 
three sources are unpolarized in the near-infrared. 
As illustrated in Fig. [3J there is no obvious cor- 
relation between the linear polarization index and 
the infrared color excess, except for the fact that 
the one positive detection happens to be a source 
with infrared flux excesses. This is likely due to 
the small number of targets and the role played 
by other parameters like age, metallicity, and ro- 
tation, all of which are critical to determine the 
amount of dust and the oblateness of the atmo- 
spheres. 

4.2. The polarized case 

Sengupta & Marley ( 20101 ) have recently mod- 



eled the expected intrinsic linear polarization in- 
tensity of ultracool dwarfs with effective temper- 
atures between 1300 and 2400 K. This basically 
covers the spectral types of our L-type and early- 
T sample. The authors have considered that the 
light scattering by atmospheric dust particles is 
responsible for the polarization, and have incorpo- 
rated two possible scenarios in their theory: polar- 
ization arising from inhomogeneous distributions 
of dust in the atmosphere (e.g., dust clouds) and 
from an oblate shape induced by rapid rotation. 
The conclusions based on the comparison of the 
models to /-band observations are that the sec- 
ond scenario is more likely and that low gravity 
atmospheres favor higher polarization degree than 
high gravities because the non-sphericity shape is 
more pronounced at l ow gr avities. From Fig. 3 
of Sengupta & Marley (J2010)), the predicted linear 
polarization degree is below 0.3% for the near- 
infrared JHK-b&nds and for atmospheres with 
surface gravity log g = 4.5 (cms -2 ). Furthermore, 
the linear polarization seems to be maximum at 
temperatures around 1800 K, i.e., spectral type 
~L2. Unfortunately, the precision of our polari- 
metric observations is not good enough to detect 
such low values of polarization. 



The only positive detection in our work, 
J0241-03 (LO), has P = 3.04 ±0.30%, which 
clearly de viates from the predictions by Sengupta 
& Marley (|2010l ) . A very rapid rotation would con- 
tribute to increase the polarization intensity. The 
models depicted by these authors are already com- 
puted for a relatively high rotation (vsini = 48 
kms -1 ); to our knowledge, the fastest projected 
rotational velocity measured in large samples of 
late-M and L-typ e sou rces is around 70 kms -1 
(Reiners & Basri ( 2010I ). and references therein). 
The rotational velocity of J0241— 03 is unknown, 
but it likely lies in the range 0-70 kms -1 . This 
suggests that the origin of the observed light po- 
larization (at least great part of it) is not intrinsic 
to the object's dusty atmosphere. A local cir- 
cum(sub)stellar environment, a local molecular 
cloud, and foreground interstellar clouds may also 
cause detectable polarization. To the best of our 
knowledge, J0241— 03 is not a member of any 
known star-forming region obscured by a molec- 
ular cloud, but a free-floating dwarf in the solar 
neighb orhoo d. The optical study by Tamburini 
et al. (|2002l ). based on more than 1000 stars, in- 
dicates that the contribution to the polarization 
by the interstellar medium becomes effective only 
after ^70 pc. J0241— 03 is probab ly loc ated at a 
distance of 66±8 pc (Cruz et al. (|2009l )): there- 
fore, we do not expect interstellar polarization to 
contribute significantly to our measurement. 

This leaves us with one likely explanation: the 
L0 dwarf is the host of a surrounding dusty en- 
velope or disk, a fact consistent with the suppos- 
edly young age of the dwarf. Protoplanetary disks 
(both primordial and transitional or debris disks) 
are commonly detected around brown dwarfs in 
various young star-forming regions through obser- 
vations ofmid-infrared flux exc esses (e.g., Natta 
et al. d2002h : Luhman et al (120051) : Allers et 
al. |200^; Caballero et al. (2007)). The lin- 



ear polarization degree of J0241— 03 is consistent 
with the amounts (from ~1% up to 25%) of in- 
trinsic polarization found at near-infrared wave- 
lengths for other brown dwarfs in rather young, 
exting uished regions like M42 (Ku sakab e et al. 
(l2008f )L NGC2024 (Kandori et al. (J20o3)), Tau- 
rus, p Ophiuci and Chamaeleon (Hashimoto et al. 
( 20091 )). It is well established that the existence of 
disks is a function of time: the disk frequency is 
higher at the youngest ages, yet debris disks can 



be seen up to ages of about a hundred Myr, e.g., 
32% and 15% of the solar-mass stars of Blanco 1 
and the Pleiades, both clusters with a similar age 
of 120 My r, sho w flux excesses a t 24 / xm (Stauf- 
fer et al. (|2010l) : Gorlova et al. (|2006l )1. On the 
contrary, less than 12% of the FGK stars of the 
Hyades (~ 600 Myr) show evidence for debris disks 
(Cieza et al. ( 20081 )). Therefore, our observations 
fully support the youth of J0241— 03 since detec- 
tion of high degrees of polarization is usually re- 
garded as evidence for dusty disks. The polari- 
metric measurement also hints at an asymmetric 
distribution of the grains responsible for the po- 
larization within the disk, otherwise net polariza- 
tion should have been null. This asymmetry ap- 
pears standard in disks of brown dwarfs since 16 
out of 34 (i.e., 47%) young, disk-bearing brown 
dwarfs of Taurus, p Ophiuci and Chamaeleon show 
detect able n ear-infrared polarization (Hashimoto 
et al. (|2009f) ). Given the proximity of J0241-03, 
this object becomes an interesting source for high- 
resolution imaging and direct detection of the disk 
(e.g., using ALMA or other instruments providing 
high-spatial resolution images). Despite the low 
number of near-infrared observations presented in 
this work, the derived frequency (25 ± 25%) of po- 
larized (P > 1.8%) young field brown dwarfs is 
consis tent w ith the frequency found by Hashimoto 
et al. (|2009h . 



4.3. 



Photometric variability and polariza- 
tion 



The two sources with reported photometric 
variability attributed to heterogeneous distribu- 
tion of atmospheric condensate clouds, J2244+20 
and J0136+09, do not display significant linear po- 
larization. We note that the polarimetric data 
are not contemporaneous with the photometric 
monit oring carried out by Morale s Calderon et al. 
(J2006I ) and Artigau et al. (J2009I ). Our observa- 
tions neither confirm nor reject the presence of 
structures of condensates in the atmospheres of 
the L7.5 and T2.5 dwarfs. 

According to S engup ta & Marley (|2010l ) and 
Sengupta & Kwok ( 20051) . polarization induced by 
light scattering of atmospheric dusty grains is ex- 
pected to be larger at optical wavelengths than at 
the near-infrared for L-type and early-T objects; 
this is mainly due to the predicted size and devel- 
opment of the grains and the amounts of conden- 



sates. J2244+20 was reported to be polarized in 
the /-band (0.85 /im) at a level of P = 2.4 % (5 2 
up significance) by Zapatero Osorio et al. (2006), 
although it was the faintest target in th eir sam- 
ple. More recently, Goldman et al. (J2009I ) did not 
detect optical polarization above the 0.76% level 
(2-<r). Either the errors were underestimated in 
the 2006 optical polarimctric measurement (quite 
likely) and J2244+20 is unpolarized, or this object 
may have significant linear polarimetry variabil- 
ity. The polarimetric non-detection of the T2.5 
dwarf JOf 36+09 is consi stent with the predictions 
by Sengupta & Marley (|2009l ): based on state-of- 
the-art knowledge of T dwarf atmospheres, these 
authors concluded that, from the theoretical point 
of view, linear polarization of cloudless T dwarfs 
by atomic and molecular scattering may not be de- 
tectable at the red optical and near-infrared wave- 
lengths, while dusty T-dwarfs may show a small 
amount of polarization. 

5. Conclusions and final remarks 

We carried out polarimetric imaging observa- 
tions of eight ultracool dwarfs (most likely brown 
dwarfs) with spectral types in the interval M7- 
T2.5 using the J- and -ff-band filters and the 
LIRIS instrument on the WHT. The target list 
is formed by objects with detected photometric 
variability due to dust clouds, very red J — K a col- 
ors (as compared to other field dwarfs of similar 
classification), and low gravity atmospheres. We 
also obtained Spizter IRAC and MIPS photom- 
etry (from the public archive) for five objects in 
the sample; in addition, four sources are included 
in the recent release of the WISE catalog. This 
has allowed us to study the J — [4.5] color of all 
targets in comparison to the mean color of field 
dwarfs with related spectral types, finding that 
five sources show clear J— [4.5] color excesses, four 
of which are spectroscopically confirmed young ob- 
jects with likely ages below 300 Myr. From the 
LIRIS data, we can impose 99%-confidence level 
upper limits of P < 0.9% on the near-infrared lin- 
ear polarization degree for J2244+20, J0136+09, 
and J1022+58, and P < 1.8% for G 196-3 B, 
J0355+11, and USco 128 and UScol32. We de- 
tected significant J-band linear polarization (P = 
3.04 ± 0.30) in the L0 dwarf J0241-03, which is 
one of the young brown dwarfs with notorious in- 
frared color excesses: E(J - [4.5]) = 0.73 ± 0.23 



mag. The likely scenario to account for both the 
infrared flux excesses and the polarized light is the 
presence of a surrounding dusty envelope or disk 
with an asymmetric distribution of grains. The 
study of the linear polarization degree and polar- 
ization angle at different wavelengths may shed 
new light on the properties of the grains respon- 
sible for the observed polarization in J0241— 03. 
The incidence of positive linear polarimetric de- 
tections with degree P > 1.8% in our sample of 
very red young sources (<300 Myr) is 25 ± 25%. 

This work is based in part on observations 
made with the William Herschel Telescope oper- 
ated by the Isaac Newton Group on the island of 
La Palma at the Spanish Observatorio del Roque 
de los Muchachos of the Instituto de Astroffsica 
de Canarias (IAC), on observations made with the 
Spitzer Space Telescope, which is operated by the 
Jet Propulsion Laboratory, California Institute of 
Technology under a contract with the National 
Aeronautics and Space Administration (NASA), 
and on data products from the Wide-field In- 
frared Survey Explorer, which is a joint project of 
the University of California, Los Angeles, and the 
Jet Propulsion Laboratory/California Institute of 
Technology, funded by the NASA. This work is 
partly financed by the Spanish Ministry of Science 
through the projects AYA2010-21308-C03-02 and 
AYA2010-20535, and CSIC project 2009501010. 

REFERENCES 

Allers, K. N., Kessler-Silacci, J. E., Cieza, L. A., 
& Jaffe, D. T. 2006, ApJ, 644, 364 

Allers, K. N., et al. 2007, ApJ, 657, 511 

Alves, J., Acosta-Pulido, J. A., Girart, J. M., 
Franco, G. A. P., & Lopez, R. 2011, AJ, 142, 
33 

Ardila, D., Martin, E. L., & Basri, G. 2000, AJ, 
120, 479 

Artigau, E., Doyon, R., Lafreniere, D., Nadeau, 
D., Robert, J, & Albert, L. 2006, ApJ, 651, 
L57 

Artigau, E., Bouchard, S., Doyon, R., & 
Lafreniere, D. 2009, ApJ, 701, 1534 

Basri, G., et al. 2000, ApJ, 538, 363 



10 



Bernat, D., et al. 2010, ApJ, 715, 724 

Bihain, G., Rebolo, R., Zapatcro Osorio, M. R., 
Bejar, V. J. S., & Caballero, J. A. 2010, A&A, 
519, 93 

Blake, C. H., Charbonneau, D., & White, R. J. 
2010, ApJ, 723, 684 

Burgasscr, A. J., Looper, D. L., Kirkpatrick, J. 
D., Cruz, K. L., & Swift, B. 2008, ApJ, 674, 
451 

Burrows, A., Sudarsky., D., & Hubeny, I. 2006, 
ApJ, 640, 1063 

Caballero, J. A., et al. 2007, A&A, 470, 903 

Chabrier, C, Baraffe, I., Allard, F., & Hauschildt, 
P. 2000, ApJ, 542, 464 

Cieza, L. A., Cochran, W. D., & Augereau, J.-C. 

2008, ApJ, 679, 720 

Clayton, G. C, & Martin, P. G. 1981, AJ, 86, 
1518 

Cruz, K. L., Kirkpatrick, J. D., & Burgasser, A. 
J. 2009, AJ, 137, 3345 

Fazio, G. G., et al. 2004, ApJS, 154, 10 

Gelino, C. R., Marley, M., Holtzman, J. A., Ack- 
crman, A. S., & Lodders, K. 2002, ApJ, 577, 
433 

Gizis, J. E., Reid, I. N., & Hawley, S. L. 2002, AJ, 
123, 3356 

Goldman, B., Pitann, J., Zapatero Osorio, M. R., 
Bailer- Jones, C. A. L., Bejar, V. J. S., Ca- 
ballero, J. A., & Henning, Th. 2009, A&A, 502, 
929 

Golimowski, D. A., Leggett, S. K., Marley, M. S., 
et al. 2004, AJ, 127, 3516 

Gorlova, N., et al. 2006, ApJ, 649, 1028 

Hashimoto, J.,Tamura, M., Kandori, R., Naka- 
jima, Y., Kusakabe, N., & Sato, Y. 2009, in 
"Exoplanets and disks: their formation and di- 
versity" , Proceedings of the International Con- 
ference. AIP Conference Proceedings, 1158, 111 

Herczeg, G. J., Cruz, K. L., & Hillenbrand, L. A. 

2009, ApJ, 696, 1589 



Jayawardhana, R., Mohanty, S., & Basri, G. 2002, 
ApJ, 578, L141 

Jayawardhana, R., Ardila, D., Stelzer, B., & 
Haisch, K. E. Jr. 2003, AJ, 126, 1515 

Kandori, R., et al. 2007, PASJ, 59, 487 

Kirkpatrick, J. D., et al. 2001, AJ, 121, 3235 

Kirkpatrick, J. D. 2005, ARA&A, 43, 195 

Kirkpatrick, J. D., et al. 2008, ApJ, 689, 1295 

Koen, C. 2004, MNRAS, 354, 378 

Koen, C, Matsunaga, N., & Menzies, J. 2004, 
MNRAS, 354, 466 

Knapp, G. R., Leggett, S. K., Fan, X., et al. 2004, 
AJ, 127, 3553 

Kraus, A. L., White, R. J., Hillenbrand, L. A. 

2005, ApJ, 633, 452 

Kurosawa, R., Harries, T. J., & Littlefair, S. P. 

2006, MNRAS, 372, 1879 

Kusakabe, N., Tamura, M., Kandori, R., et al. 
2008, AJ, 136, 621 

Leggett, S. K., Saumon, D., Marley, M. S., 
Gcballe, T. R., Golimowski, D. A., Stephens, 
D., & Fan, X. 2007, ApJ, 655, 1079 

Liebert, J., & Gizis, J. E. 2006, PASP, 118, 659 

Luhman, K. L., et al. 2005, ApJ, 6120, L51 

Luhman, K. L., Mamajek, E. E., Allen, P. R., & 
Cruz, K. L. 2009, ApJ, 703, 399 

Manchado, A., et al. 2004, Proc. SPIE, 5492, 1094 

Marley, M. S., Saumon, D., & Goldblatt, C. 2010, 
ApJ, 723, 117 

Martin, E. L., et al. 1999, AJ, 118, 2466 

McGovern, M. R., et al. 2004, ApJ, 600, 1020 

McLean, I. S., McGovern, M. R., Burgasser, A. J., 
Kirkpatrick, J. D., Prato, L., & Sungsoo, S. K. 
2003, ApJ, 596, 561 

McLean, I. S., et al. 2007, ApJ, 658, 1217 

Menard, F., Delfosse, X., & Monin, J.-L. 2002, 
A&A, 396, L35 



11 



Mohanty, S., & Basri, G. 2003, ApJ, 583, 451 



Stauffer, J. R., et al. 2010, ApJ, 719, 1859 



Mohanty, S., Jayawardhana, R., & Basri, G. 2005, 
ApJ, 626, 498 

Morales-Calderon, M., Stauffer, J. R., Kirk- 
patrick, J. D., et al. 2006, ApJ, 653, 1454 

Muzerollc, J., Hillenbrand, L., Calvet, N., Bricefio, 
C, & Hartmann, L. 2003, ApJ, 592, 266 

Natta, A., Testi, L., Comeron, F., Oliva, E., 
D'Antona, F., Baffa, C, Comoretto, G., & Gen- 
nari, S. 2002, A&A, 393, 597 

Oliva, E. 1997, A&AS, 123, 589 

Patten, B. M., et al. 2006, ApJ, 651, 502 

Pereyra. A., Girart, J. M., Magalhaes, A. M., Ro- 
drigues, C. V., & de Araiijo, F. X. 2009, A&A, 
501, 595 

Rebolo, R., Martin, E. L., & Magazzu, A. 1992, 
ApJ, 389, L83 

Rebolo, R., Zapatero Osorio, M. R., Madruga, S., 
Bejar, V. J. S., Arribas, S., & Licandro, J. 1998, 
Sci, 282, 1309 

Reiners, A., & Basri, G. 2008, ApJ, 684, 1390 

Reiners, A., & Basri, G. 2010, ApJ, 710, 924 

Rieke, G. H., et al. 2004, ApJS, 154, 25 

Schmidt, G. D., Elston, R., & Lupie, O. L. 1992, 
AJ, 104, 1563 

Schmidt, S. J., Cruz, K. L., Bongiorno, B. J., 
Liebert, J., & Reid, I. N. 2007, AJ, 133, 2258 

Scholz, A., Jayawardhana, R., Wood, K., Meeus, 
G., Stelzer, B., Walker, C, & O'Sullivan, M. 
2007, ApJ, 660, 1517 

Sengupta, S., & Kwok, S.. 2005,ApJ 625, 996 

Sengupta, S., & Marley, M. S. 2009, ApJ, 707, 716 

Sengupta, S., & Marley, M. S. 2010, ApJ, 722, 
L142 

Simmons, J. F. L., & Stewart, B. G. 1985, A&A, 
142, 100 

Skrutskie, M. F., et al. 2006, AJ, 131, 1163 



Tamburini, F., Ortolani, S., & Bianchini, A. 2002, 
A&A, 394, 675 

Tata, R., Martin, E. L., Sengupta, S., Phan-Bao, 
N, Zapatero Osorio, M. R., & Bouy, H. 2009, 
A&A, 508, 1423 

Wardle, J. F. C, & Kronberg, P. P. 1974, ApJ, 
194, 249 

Whittet, D. C. B., Martin, P. G., Hough, J. H., 
Rouse, M. F., Bailey, J. A., & Axon, D. J. 1992, 
ApJ, 386, 562 

Wright, E. L., et al. 2010, AJ, 140, 1868 

Wright, E. L., Mainzer, A., Gelino, C, & Kirk- 
patrick, J. D. 2011. larXiv:1104.2569l 

Zapatero Osorio, M. R., Caballero, J. A., & Bejar, 
V. J. S. 2005, ApJ, 621, 445 

Zapatero Osorio, M. R., Martin, E. L., Bouy, H., 
Tata, R., Deshpande, R., & Wainscoat, R. J. 
2006, ApJ, 647, 1405 

Zapatero Osorio, M. R., Rebolo, R., Bihain, G., 
Bejar, V. J. S., Caballero, J. A., & Alvarez, C. 
2010, ApJ, 715, 1408 



This 2-column preprint was prepared with the AAS IATjrjX 
macros v5.2. 



12 



so 

B 



LO 









i 








- 






t 


J2244+20 






- 


<* 


J0355+11 • 












- 




G196-3B • 


*** 


© 








- 




" 


% 










- 


CO 


— * 










* 


- 




J0241-03 ** * 


t* 


** 


* 




* 


- 




W * * 




* 


J0136+09 


* 


- 




- UScol28 * * 












- 




• * * * * 




©+* 


* 




M 


- 


cvj 


~UScol32 ** •* * * 
m * *%* 

* $ J1022+58 








*** 
* 




— 


















* * 
















" * 1* 

** * 

1 , , , 


" 


1 


" 




" " 


- 



LO TO 

Spectral type 



C\2 



Cd i-h 

J, 

cci ,H 
I 

» m 

CO X 







1 ' 




- 








* 










* 




- 






* $* 


- 


- 






*%* 


- 


- 






^ ** 


- 


- 




J0136+09 




- 








* ^ * 






J2244+20 © 4 


** 








* 






- 


J0355+11 « 


** 


* 


- 


- 


G196-3B i • * 


* * 


* 


- 


- 


* 


** 




- 


- 


J0241-03 • 


* 




- 


_ 


J1022+58* * 


* 




_ 


- 


** • 

* * * 


© 




- 


- 








- 


1 


1 1 J 1 1 1 1 


1 ■ 


1 1 1 





LO TO 

Spectral type 

Fig. 1. — Infrared colors of our science targets (la- 
belled solid dots) as a function of spectral type. 
Field dwarfs of similar ty ping from Patten et al. 
(|2006l ) and Leggett et al. (2007) are plotted as as- 
terisks. The reddish nature of the L-type targets 
is noticeable particularly in the upper panel. The 
uncertainty in spectral classification is half a sub- 
type, except for J2244+ 20, wh ich is of 1 subtype. 
Among Leggett et al.'s ([20071 ) sources (asterisks) 
there are one L9.5 dwarf with blue near-infrared 
colors and one TO. 5 dwarf with red near-infrared 
colors (circled asterisks). 
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Fig. 2. — Photometric spectral energy distribu- 
tions (SEDs, red filled dots and solid lines) of 
J0241-03 (L0) and J1022+58 (LI). The S EDs in - 
clude the optical spectra from Cruz et al. (|2009i ). 
normalized to the R and /-bands, and the 2MASS, 
Spitzer and WISE photometry (see text). The 24- 
/xm upper limit magnitude of J0241— 03 is plotted 
as an arrow. The photometric 1-a uncertainty is 
smaller than the symbol size. For comparison pur- 
poses, overplotted are the average SEDs of field 
L0-L1 and L1-L2 dwarfs (black open circles and 
dashed lines). All SEDs are normalized to unity 
at the J-band (1.235 /im). 
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(J2244+20) linear polarization degree as a func- 
tion of J — [4.5] color excess. The source with the 
largest linear polarization intensity is J0241— 03 
(L0). We plot the average linear polarization value 
for G 196— 3B. The vertical dotted line separates 
late-M and L-type objects with clear J— [4.5] color 
excesses from those with no excesses at all. This 
line is defined as three times the dispersion of the 
average colors of field dwarfs. There is no obvious 
correlation between linear polarization degree in 
the near-infrared and infrared color excess. 
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Table 1 
Observing log 



Object 



J a 

(mag) 



SpT 



Obs. date 



Filtc 



Rotator 
(deg) 



Exposure time 

(s) 



2MASS J22443167+2043433 


16.48 


L7.5 


2004 Oct 28 


H 


0, 90 


4x3x2x40,4x3x2x40 


1.05-1.02 


G 196-3 B 


14.83 


L3 


2006 Mar 23 


J 





3 x 5 x 60 


1.27-1.34 








2011 Apr 20 


J 


0, 90 


2 x 9 x 120, 1 x 9 x 120 


1.10-1.13 


UScoCTIO 128 


14.40 


M7 


2006 Mar 23 


J 





3 x 5 x 60 


1.67-1.63 








2006 Mar 23 


H 





3 x 5 x 60 


1.63-1.68 


UScoCTIO 132 


14.26 


M7 


2006 Mar 23 


J 





3 x 5 x 60 


1.66-1.77 


2MASS J01365662+0933473 


13.46 


T2.5 


2010 Oct 25 


J 


0, 90 


3 x 9 x 120, 3 x 9 x 120 


1.16-1.06 


2MASS J02411151-0326587 


15.80 


L0 


2010 Oct 26 


J 


0, 90 


4 x 9 x 120,4 x 9 x 120 


1.19-1.59 


2MASS J03552337+1133437 


14.05 


L5 


2010 Oct 26 


J 





3 x 9 x 120 


1.30-1.89 


2MASS J10224821+5825453 


13.50 


LI 


2011 Apr 20 


J 


0, 90 


1 x 9 x 120, 1 x 9 x 120 


1.15-1.54 


HD 38563c c 


9.73 


A0II 


2004 Oct 27 


H 


0, 90 


15 x 10 x 1, 15 x 10 x 1 


1.25-1.35 








2010 Oct 26 


J 


0, 90 


1 x 9 x 60, 1 x 9 x 60 


1.71-1.52 


HD283855 C 


9.50 


A2 


2004 Oct 28 


H 


0, 90 


9 x 10 x 3, 9 x 10 x 3 


1.00-1.01 


HD 14069 d 


8.53 


A0 


2004 Oct 29 


H 


0, 90 


50 x 3 x 1,50 x 3 x 1 


1.21-1.13 


HRW 24 c 


11.69 


A0V 


2006 Mar 22 


J 





2x5x5 


1.74-1.90 








2006 Mar 22 


H 





3x5x5 


1.93-1.97 


GD319 d 


11.54 


DA 


2006 Mar 23 


J 





3x5x2 


1.14-1.13 








2006 Mar 23 


H 





3x5x2 


1.20-1.19 


FcigcllO d 


12.55 


DA 


2010 Oct 25 


J 





3 x 9 x 90 


1.22-1.20 


HD 18803 d 


5.34 


G8V 


2010 Oct 26 


J 


0, 90 


2x9x1, 2x9x1 


1.19-1.24 


SA29-130 d 


13.64 


DA 


2011 Apr 20 


J 


0, 90 


1 x 9 x 120. 1 x 9 x 120 


1.04-1.03 


Elia2-25 c 


8.86 


B4 


2011 Apr 20 


J 


0, 90 


2 x 9 x 10, 2 x 9 x 10 


3.69-3.14 



a 2MASS J band photometry (Skrutskie et al. d2006l ')V 

Angle of the telescope rotator. 
c Polarizcd standard stars from Whittet et al. )|1992ft . 

Zero-polarization standard stars are either white dwarfs or objects from Schmidt et al. J1992J ) and Clayton &z Martin (1981) 



Table 2 
spitzer infrared photometry 



Object 

(abridged) 



[3.6] 
(mag) 



[4.5] 
(mag) 



[5.8] 
(mag) 



[8.0] 
(mag) 



[24] 
(mag) 



AOR 



Observing date 



J2244+20 
G 196-3 B 
UScol28 
UScol32 
J0136+09 

J0241-03 
J0355+11 

J1022+58 



12.35±0.01 a 12.11±0.01 a 11.59±0.01 a 11.59±0.02 a 10.88±0.20 
11.66±0.02 c 11.47±0.04 c 11.10±0.06 c 10.83±0.04 c 10.55±0.10 c 

8.58±0.11 d 



22139136° 



2007 Jul 13° 



11.36±0.02 10.97±0.02 10.55±0.03 10.21±0.03 9.48±0.15 21967360,21911808° 2008 Feb 02, 2007 Aug 23° 



13.36i0.02 1 
10.29±0.02 



11.55±0.02 



10.99±0.02 
13.24±0.02 f 
9.98±0.02 
10.00±0.02 
11.51±0.02 
11.50±0.02 



13.04±0.03 f 
9.59±0.03 



12.77±0.03' 
9.41±0.03 



11.29±0.02 11.11±0.02 



34699776 

22137856° 

25363712 

34707456 

10380800 

34721792 



2009 Aug 22 

2007 Aug 17° 

2008 Sep 21 

2009 Oct 06 
2004 Nov 24 
2009 Dec 17 



Note. — We provide here our Spitzcr photometry unless it is indicated otherwise. 

a IRAC photometry from Leggett et al. (2007). 

"Corresponding to MIPS ([24]) photometry. 

°IRAC and MIPS photometry from Zapatcro Osorio et al. ]20101) . 

Observed magnitude obtained from the MIPS flux at 24 /tm given by Scholz et al. (2007). 
°IRAC and MIPS photometry, relatively. 

IRAC photometry from Luhman et al. (2009). 
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Table 3 
wise infrared photometry 



Object 

(abridged) 



[3.4] * 
(mag) 



[4.6]" 
(mag) 



[12] a 
(mag) 



[22] * 
(mag) 



UScol28 12.83±0.03 12.15±0.03 10.58±0.09 8.73±0.39 D 

UScol32 12.75±0.03 12.46±0.03 12.11±0.38 b 

J0241-03 13.65±0.03 13.23±0.04 

J0355+11 10.55±0.02 9.95±0.02 9.20±0.04 8.86±0.53 b 



'Tsophotal wavelengths of the WIS E filte rs are: 3.3526, 4.6028, 
11.5608, and 22.0883 (im (Wright et al. 12010) 1. 

Marginal detection with signal-to-noise ratio of 2.8 (UScol28), 2.9 
(UScol32), and 2.1 (J0355+11). 



Table 4 
wollaston transmission factors 



Date 



Filter 



r-o/r.90 



£45/*! 



Unpolarizcd star 



Comments 



2004 Oct 


H 


1.0000±0.0052 


1.0274±0.0054 


HD 14069 


Flat-ficldcd images 


2006 Mar 


J 


1.0039±0.0052 


1.0540±0.0054 


GD319 


No flat-field correction 


2006 Mar 


H 


0.9964±0.0052 


1.0436±0.0054 


CD 319 


No fiat-field correction 


2010 Oct 


J 


0.9966±0.0052 


1.0370±0.0054 


FeigellO, HD 18803 


Flat-ficldcd images 



Table 5 
Linear polarization measurements of standard stars 



Object 


SpT 


Filter 


FWHM 


Ann." 


Q 


u 


P b 


P" 


e 


p, e d 


(abridged) 






(") 


(") 


(xl0~ 2 ) 


(xl0~ 2 ) 


(%) 


(%) 


(cleg) 


(%, deg) 


(i) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 



HRW24 


A0V 


J 
H 


HD 283855 


A2 


H 


HD 38563c 


AOH 


H 
J 


Elia2-25 


B4 


J 


HD 14069 


A0 


H 


FeigellO 


DA 


J 


HD 18803 


G8V 


J 


GD319 


DA 


J 

H 


SA 29-130 


DA 


J 



0.6 


3.6 


-2.08±0.42 


+0.59±0.42 


2.16±0.60 




82±10 


2.10±0.05, 


86±1 


0.8 


4.8 


-1.36±0.42 


-0.15±0.42 


1.36±0.60 




93±10 


1.43±0.10, 


88±1 


1.8 


10.0 


+0.09±0.21 


+ 1.46±0.21 


1.69±0.60 


1.46±0.30 


43±10 


1.67±0.06, 


43±3 


0.7 


3.8 


-3.53±0.21 


+ 1.80±0.21 


4.28±0.60 


3.96±0.30 


76±10 


3.68±0.10, 


70±1 


3.6 


14.2 


-5.02±0.21 


+2.78±0.21 


4.88±0.60 


5.74±0.30 


71±10 e 


6.03±0.10, 


71±1 


2.9 


17.3 


+3.75±0.21 


+5.27±0.21 


5.78±0.60 


6.47±0.30 


23±10 


6.46±0.05, 


24±1 


1.0 


5.5 


+0.40±0.21 


-0.26±0.21 


0.00±0.60 


0.47±0.30 








2.8 


13.0 


+0.06±0.42 


-0.20±0.42 


0.20±0.60 










2.7 


13.0 


-0.00±0.21 


+0.01±0.21 


0.35±0.60 


0.01±0.30 








0.6 


3.6 


+0.00±0.42 


+0.00±0.42 


0.00±0.60 










0.6 


3.6 


+0.00±0.42 


+0.00±0.42 


0.00±0.60 










1.3 


8.0 


+0.06±0.21 


+0.13±0.21 


0.44±0.60 


0.14±0.30 









a Radius of aperture annulus for photometric measurements. 

Linear polarization degree obtained with the "difference 1 ' method (telescope rotator angle of deg). 
c Lincar polarization degree obtained with the "ratio" method (telescope rotator angles of and 90 deg). 
d Data from Whittet et al. J1992f) . 
c This polarization angle is fixed at the literature value. We used it to find the polarization angle offset of our data (see text) 
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Table 6 
Linear polarization measurements of science targets 



Object 


SpT 


Filt. 


FWHM 


Ann. a 


9 


u 


P b 


P c 


e 


v sin i 


Pvot 


E(J - [4.5]) 


(abridged) 






(") 


(") 


(%) 


(%) 


(%) 


(%) 


(deg) 


(kms -1 ) 


(ll) 


(mag) 


(i) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


.12244+20 


L7.5 


H 


0.7 


4.2 


+0.44+0.21 


+0.43+0.21 


0.51+0.60 


0.62+0.30 




<30 d 


4.6 


1.33+0.26 


G 196-3 B 


L3 


J 


0.7 e 


4.2° 


-0.67±0.42 e 


+0.25+0.42° 


0.72±0.60 e 






15.0 


<8 E 


1.12+0.23 






J 


1.5* 


2.3 f 


+0.09+0.42* 


-0.41+0.42* 


1.21±0.60 f 


0.42+0.60* 










UScol28 


M7 


J 

H 


1.0 
1.1 


G.O 
6.0 


-0.30+0.42 
-0.17+0.42 


-0.11+0.42 
+0.09+0.42 


0.32+0.60 
0.19+0.60 






<5 


<24 g 


0.78±0.22 h 


USco 132 


M7 


J 


1.0 


5.0 


-0.21+0.42 


-0.22+0.42 


0.31+0.60 










0.33±0.22 h 


.10136+09 


T2.5 


J 


3.0 


15.5 


+0.04+0.21 


-0.32+0.21 


1.21+0.60 


0.33+0.30 




<50 d 


2.4 


0.32+0.22 


J0241-03 


L0 


J 


2.2 


11.0 


-2.03+0.21 


-2.26+0.21 


3.67+0.60 


3.04+0.30 


110+10 






0.73+0.23 


J0355+11 


L5 


J 


3.2 


10.5 


+0.60+0.42 


+0.00+0.42 


0.60+0.60 






12.4 


<10 g 


1.50+0.22 


.71022+58 


LI 


J 


1.5 


9.1 


-0.25+0.21 


+0.20+0.21 


0.36+0.60 


0.32+0.30 




15.0 


<8 g 


0.03+0.22 



a Radius of aperture annulus for photometric measurements. 

Linear polarization degree obtained with the direct measurement method (telescope rotator angle of deg). 
c Linear polarization degree obtained with the flux ratio method (telescope rotator angles of and 90 deg). 

Derived from measured rotation periods (Section[2j. The true projected rotational velocity depends on the source's rotation axis inclination. 
c Data corresponding to 2006 Mar 23. 

Data corresponding to 2011 Apr 20. 
s Rotation periods computed from v sin i (Section[2j and assuming Ft — 0.1 R©. 

The color J — [4.5] is computed using the WISE [4.6] magnitude (sec text). 



